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In Brief
Vagnoni and Bullock use the Drosophila wing to investigate the regulation of mitochondrial transport in aging neurons. They discover that acute activation of the cAMP/PKA pathway can suppress an age-related decline in mitochondrial motility. This effect is due in part to upregulation of the kinesin-1 motor, levels of which decline during aging.
Mitochondria play fundamental roles within cells, including energy provision, calcium homeostasis, and the regulation of apoptosis. The transport of mitochondria by microtubule-based motors is critical for neuronal structure and function. This process allows local requirements for mitochondrial functions to be met and also facilitates recycling of these organelles [1, 2] . An age-related reduction in mitochondrial transport has been observed in neurons of mammalian and non-mammalian organisms [3] [4] [5] [6] , and has been proposed to contribute to the broader decline in neuronal function that occurs during aging [3, [5] [6] [7] . However, the factors that influence mitochondrial transport in aging neurons are poorly understood. Here we provide evidence using the tractable Drosophila wing nerve system that the cyclic AMP/protein kinase A (cAMP/PKA) pathway promotes the axonal transport of mitochondria in adult neurons. The level of the catalytic subunit of PKA decreases during aging, and acute activation of the cAMP/PKA pathway in aged flies strongly stimulates mitochondrial motility. Thus, the age-related impairment of transport is reversible. The expression of many genes is increased by PKA activation in aged flies. However, our results indicate that elevated mitochondrial transport is due in part to upregulation of the heavy chain of the kinesin-1 motor, the level of which declines during aging. Our study identifies evolutionarily conserved factors that can strongly influence mitochondrial motility in aging neurons.
RESULTS AND DISCUSSION
To shed light on the regulation of mitochondrial transport in aging neurons, we exploited a tractable system for imaging of axonal transport in an adult animal: the sensory neurons of the translucent Drosophila wing [5, 8, 9] (Figure 1A ). We previously showed that the number of actively transported mitochondria in wing neuron axons is 5-fold lower at 30 days after eclosion from the pupal case (operationally defined as ''aged'' flies) than at 2 days after eclosion (''young'' flies) [5] ( Figure S1A ). The decline in mitochondrial transport begins in the first week of adult life [5] and reflects reduced anterograde and retrograde movements ( Figure S1B ), equating to transport toward microtubule plus ends and minus ends, respectively [5] . The number of mitochondria in axonal tracts does not change during aging, demonstrating that a larger fraction of mitochondria becomes stationary over time [5] .
Signaling pathways that increase lifespan are attractive candidates for exploring the regulation of axonal transport during aging [6, 10] . Cyclic AMP (cAMP) is an important second messenger in intracellular signaling, and elevation of its concentration can extend lifespan in Drosophila and mice [11, 12] . We therefore investigated whether cAMP influences axonal transport of mitochondria in aged flies.
We first targeted the cAMP phosphodiesterase Dunce (Dnc) in wing neurons using an RNA interference (RNAi) construct under the control of the Gal4-UAS system. Downregulation of Dnc increases the concentration of cAMP by inhibiting conversion to AMP [13] . To visualize mitochondria, we co-expressed GFP targeted to the mitochondrial matrix (mito::GFP). In aged flies, the number of transported mitochondria in axons of dnc RNAi neurons was 4-fold higher than in neurons expressing a control RNAi construct ( Figures 1B and 1C ; Movie S1). RNAi of dnc increased transport in both the anterograde and retrograde directions ( Figure S1C ) without altering the number of mitochondria in the axonal tract ( Figure 1C ). Thus, prolonged inhibition of cAMP turnover in wing neurons of aged flies increases mitochondrial transport by mobilizing a fraction of stationary mitochondria.
Aging is characterized by a functional decline at the cellular and organismal level. A key question in aging research is to what extent prolonged reduction of cellular functions can be rescued by an acute intervention in later life [14] . We therefore asked whether an acute increase in cAMP can boost mitochondrial transport in aged flies. 28-day-old flies were fed with 100 mM 8-Br-cAMP (a hydrolysis-resistant cAMP analog) for 4 days prior to visualization of mitochondrial motility in wing neuron axons ( Figure 1D ). The number of motile mitochondria was significantly higher in flies fed with 8-Br-cAMP than in vehicle-fed controls ( Figures 1E and 1F ; Movie S2). Again, the increase in motility was evident in both the anterograde and retrograde directions ( Figure S1D µm Figure 1D ) did not alter the number of motile mitochondria compared to the age-matched controls fed with vehicle ( Figure 1G ). These results demonstrate that acute supply of cAMP can increase mitochondrial motility in aged but not young flies. We next investigated whether elevating cAMP levels has broader effects on wing neurons of aged flies. Sustained feeding Table S1. with 8-Br-cAMP reduced the appearance of focal accumulations of GFP ( Figure 1H ), indicative of improved protein homeostasis [5] . 8-Br-cAMP treatment also reduced the signal from an oxidative stress sensor ( Figures S2A and S2B ).
Although the cAMP analog is likely to affect many processes in wing neurons of aged flies, these results are consistent with previous evidence that mitochondrial transport has a protective role in adult neurons of Drosophila [5, 8, 15] , C. elegans [6, 16] , and mice [17] . Several studies have reported that cAMP concentration modulates mitochondrial transport in cultured mammalian cells [18] [19] [20] , although the underlying mechanisms have not been resolved.
A key cellular role of cAMP is activation of the catalytic subunit of protein kinase A (PKAc) by triggering dissociation of the regulatory subunit. We investigated whether cAMP-mediated stimulation of mitochondrial transport in wing neurons involves PKA by expressing a constitutively active mouse PKAc (PKA*) from a heat-shockresponsive promoter (hs-PKA*) (Figure 2A ; Figure S2C ). The induction of PKA* in aged flies significantly increased the number of transported mitochondria compared to controls that lacked the transgene but were subjected to the same heat-shock regime ( Figures 2B and 2C; Movie S3 ). This effect was associated with more frequent retrograde and anterograde movements ( Figure S1E ) and no change in the number of mitochondria in the axonal tract ( Figures 2B and 2C) . In contrast, expressing PKA* in Current Biology 28, 1-8, April 23, 2018 3 young flies (Figure 2A ) did not alter the number of transported mitochondria ( Figure 2D ). The outcomes of PKA* expression in young and aged flies were very similar to those observed after feeding with 8-Br-cAMP, indicating that cAMP-mediated stimulation of mitochondrial transport in aged flies involves PKA.
We assessed the role of endogenous PKA during mitochondrial transport in wing neurons by targeting Pka-C1 mRNA, which encodes the major catalytic PKA subunit in Drosophila (PKAc). Two different Pka-C1 RNAi constructs reduced the number of transported mitochondria in young flies without altering mitochondrial number in the axonal tract ( Figure 2E ; Figure S1F ). These experiments demonstrate that endogenous PKA activity promotes axonal transport of mitochondria. However, levels of PKA activation must not be limiting in young flies, because mitochondrial transport was insensitive to experimental elevation of cAMP or PKA*.
We next asked whether cAMP/PKA pathway activity could become limiting for transport in aged flies because of declining levels of cAMP or PKAc. Adult wings were used as a source of cell extracts for these experiments, because wing neurons constitute a large fraction of the living material in this sclerotized tissue [5, 21] . Whereas the concentration of cAMP in the wings of aged flies did not decline compared to those of young flies (Figure 3A) , the level of PKAc did ( Figure 3B ). The reduction in PKAc level was not associated with a general decrease in protein abundance in aged flies ( Figure 3B ; Figure S2D ). The level of Pka-C1 mRNA in wings was not lower in aged flies compared to young flies ( Figure S2E) , indicating that the decline in PKAc abundance is due to altered synthesis or turnover of the protein.
Although we cannot rule out other mechanisms, a reduction in PKAc protein levels could explain why cAMP/PKA pathway activity is limiting for mitochondrial transport in aged flies. Presumably, increasing cAMP levels compensate for the reduction in PKAc concentration in aged neurons by activating the protein that is available.
We then explored how experimental elevation of cAMP/PKA upregulates mitochondrial transport in aging wing neurons. To test whether increased movement of mitochondria reflects a general increase in cargo transport, we monitored the transport of fluorescently labeled dense-core vesicles (DCVs) after heat-shock-mediated induction of PKA*. In contrast to what was observed for mitochondria, expression of PKA* in aged flies did not increase the frequency of DCV transport compared to heat-shocked controls ( Figure 3C; Figures S2F and S2G) . Although effects on motility of other cargoes remain to be tested, this experiment demonstrates that not all microtubule-based transport is elevated by PKA* expression. The selective effect of PKA* overexpression on transport of mitochondria and DCVs is consistent with these cargoes being differentially affected during aging, with DCVs only exhibiting a small reduction in motility during the first 30 days of adult life [5] ( Figure S2H) .
Although mitochondria and DCVs both use dynein for retrograde axonal transport in Drosophila neurons [5, 24, 25] , they differ in the identity of the motors primarily used for anterograde motion. Anterograde movement of mitochondria is driven by kinesin-1 [5, 24] , whereas DCVs use kinesin-3/Unc104 [25] . We therefore asked whether the sensitivity of mitochondria to normal aging and the experimental elevation of PKA activity could be related to their reliance on kinesin-1.
We observed a reduction in the level of the Kinesin-1 motor subunit (Kinesin-1 heavy chain, Khc) in wings of aged flies compared to wings of young flies ( Figure 3D ). This reduction must be due to altered synthesis or turnover of the protein, as Khc mRNA abundance did not decline with age ( Figure S2E ). These findings raised the possibility that reduced Khc abundance contributes to the decline in mitochondrial transport in aged flies. Limiting levels of Khc could in principle account for the age-related reduction in retrograde and anterograde motion because the activity of dynein in this system depends on kinesin-1 [5] , as is the case elsewhere [26] .
Next, we asked whether the level of Khc is altered by experimental activation of the cAMP/PKA pathway in aged flies. We observed a strong increase in Khc protein abundance in wing extracts of aged animals following heat-shock-mediated induction of PKA* ( Figure 3E ). Gel-based analysis of protein extracts revealed that several abundant proteins were also upregulated by PKA* expression, although the levels of other abundant proteins did not increase ( Figure 3F ). Thus, Khc is one of a number of proteins upregulated by cAMP/PKA pathway activation in aged flies. cAMP/PKA pathway activation increases levels of Khc mRNA in Aplysia neurons [27] . We therefore monitored Khc mRNA abundance in wings of aged flies with heat-shock-mediated induction of PKA* or with heat-shock treatment alone. There was an 6.5-fold increase in the amount of Khc transcript in response to PKA* expression, whereas the level of the mRNA encoding a ''housekeeping'' protein (ribosomal protein 49, Rp49) did not change ( Figure 3G ). Khc mRNA, but not Rp49 mRNA, was also upregulated by acute supply of 8-Br-cAMP to aged flies (Figure S2I) . Thus, unlike the decline in Khc protein levels during aging, the increase in Khc protein levels upon experimental activation of cAMP/PKA is associated with changes in mRNA abundance. The best-characterized mechanism for PKA-mediated gene expression involves the cAMP response element-binding protein (CREB) transcription factor. CREB activity is stimulated by phosphorylation, which can be mediated by multiple kinases, including PKA [28] . The abundance of Khc mRNA in aged flies was decreased by heat-shock-mediated induction of a dominant-negative CREB transgene (hs-dCREB2-b; Figure 3H ). By providing evidence that the Khc gene is responsive to CREB, these data suggest a mechanism for upregulation of Khc mRNA upon experimental activation of PKA in aged flies.
Khc is linked to mitochondria by the concerted action of two proteins, Milton and Miro [1] . The level of Milton mRNA in aged wings was not affected by PKA*, whereas the level of Miro RNA was increased by 1.7-fold ( Figure 3G ). Thus, of the mRNAs encoding components of the anterograde mitochondrial transport complex, the one encoding Khc is most responsive to cAMP/PKA pathway activation. The level of Pka-C1 mRNA was also upregulated by PKA* (Figure 3G) , consistent with the ability of PKAc to stimulate its own expression in mammalian cells [29] . Several other mRNAs tested also increased in abundance in response to PKA*, although the response was weaker than observed for Khc mRNA ( Figure 3G ). These results are consistent with the widespread transcriptional changes induced by PKA in mammalian cells [30, 31] .
Our finding that many mRNAs are upregulated by PKA activation in aging wings raised the question of whether the increased abundance of Khc plays a significant role in boosting mitochondrial transport. We therefore asked whether Khc overexpression is sufficient to boost mitochondrial motility in wing neurons of aged flies. For these experiments, we used a Drosophila Khc genomic rescue construct (P[Khc + ]) to increase Khc protein levels ( Figure 4A ).
P[Khc + ]
increased the number of mitochondrial movements in aged flies by 2.1-fold without altering the number of mitochondria in the axonal tract ( Figures 4B and 4C ; Movie S4). The boost in transport was associated with an increase in both retrograde and anterograde movements ( Figure S1G ), again consistent [22] . Rap2L, 14-3-3, and eIF-1A mRNAs were previously detected in RT-PCR experiments in Drosophila heads [23] . Sgg/Gsk3b upregulates anterograde mitochondrial motility in mammalian neurons [20] . Figure S2 and Table S2. with the tightly coupled activities of dynein and kinesin-1 in this system. Khc overexpression did not strongly affect the length and velocity of mitochondrial movements, as was also the case following manipulation of the cAMP/PKA pathway (Table S1 ). Thus, both types of intervention predominantly affect the initiation of transport. P[Khc + ] also reduced the signal from an oxidative stress sensor in wing neurons of aged flies ( Figure S3 ). This finding is consistent with protective effects of mitochondrial transport in this system [5] , although elevated transport of other kinesin-1 cargoes could also contribute to this phenotype. It will be important in the future to understand the specific contribution of upregulated mitochondrial motility to energy metabolism in the wing nerve. The frequency of mitochondrial transport in wing neurons of young flies was not increased by P[Khc + ] ( Figure 4D ). The finding that kinesin-1 activity was not limiting at this stage is consistent with the endogenous level of Khc protein being higher than in aged flies ( Figure 3D ). Although we cannot rule out additional influences of activated PKA, such as direct phosphorylation of proteins that affect mitochondrial dynamics [32] [33] [34] [35] [36] [37] , our data indicate that Khc upregulation is a key functional output of experimental activation of PKA in the context of mitochondrial transport in aged neurons.
Perspective
Reduced axonal transport of mitochondria has been implicated in the pathogenesis of several age-related neurodegenerative diseases [38, 39] . It has therefore been proposed that stimulating mitochondrial transport could be of thera- peutic benefit, potentially in combination with agents that target other cellular processes [38] [39] [40] [41] . However, it was not clear to what extent a chronic decline in mitochondrial motility can be reversed. We find that feeding aged Drosophila with a small-molecule agonist of PKA is sufficient to ameliorate a decline in mitochondrial transport that begins in the first few days of adult life.
We provide evidence that the stimulation of transport upon cAMP/PKA pathway activation is associated with upregulation of the kinesin-1 motor subunit, which counteracts the reduction in levels of this protein that occurs during aging. The observation that cytosolic levels of the Khc ortholog decline in brains of aging monkeys [42] suggests that the regulatory processes we have uncovered in Drosophila could be of relevance in mammalian systems. Recent studies in mammalian neurons have shown that a progressive decrease in mitochondrial motility promotes developmental maturation of neurons [43] [44] [45] . It is tempting to speculate that whereas this attenuation of mitochondrial transport plays a positive role in early life, it becomes detrimental during aging when the functional demands of neurons change or stresses increase.
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